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The non-catalytic reformation of jet fuel using supercritical water was studied in a 
specially designed 0.4-L Haynes Alloy 230 tubular reactor. Experiments were performed 
at a constant pressure of 24.1 MPa, a temperature of 770 ºC, and at a constant water-to-
fuel ratio of fifteen-to-one by mass with various space times and oxygen flow rates.  The 
experiments were conducted with and without air flow so as to examine the effects of the 
concurrent partial oxidation on the overall reformation process.  The reactor effluent gas 
consisted of hydrogen, nitrogen, carbon dioxide, carbon monoxide, methane and ethane. 
Increasing space time increases the extent of the carbon gasification reaction and the 
resultant hydrogen and carbon dioxide gaseous concentrations; however the carbon 
gasification percentage reaches a limit of about 70% after a space time of 75 seconds 
when no oxygen was present.  It was also established that the addition of sub-
stoichiometric amounts of air, as an oxygen source, does not adversely affect the 
production of hydrogen gas under certain conditions while increasing carbon conversion 
and in-situ heat generation through partial oxidation.  Carbon conversions of 86% to 
94%, depending on the space time, were achieved with oxygen-to-carbon ratios of 0.4.  In 
this thesis, the effects of space time and oxygen addition on the reformation of jet fuel are 
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1.1. RESEARCH OBJECTIVES 
 The object of this research was to produce hydrogen via the non-catalytic 
supercritical water reformation of jet fuel. Experiments were conducted using air as an 
oxygen source so as to examine the effects of the concurrent partial oxidation on the 
overall reformation process.   Oxygen deficient reaction conditions were maintained to 
promote the partial oxidation reaction over total combustion.  The exothermic heat 
generated in-situ by partial oxidation was to provide some of the energy necessary for the 
endothermic reformation reaction of the jet fuel, thus approaching an autothermal mode 
of reactor operation.  The effect of space time and oxygen level on the reformation 
reaction in general, and on the production of hydrogen specifically, was determined while 
keeping other variables such as temperature, pressure, and water to fuel ratio, constant.   
 
1.2. MOTIVATION FOR RESEARCH 
 The transition from an economy dependent on fossil fuels to other forms of 
energy is of vital concern.  Given that the supply of fossil fuel is finite, and that human 
consumption of energy is always increasing, it becomes evident that in the future an 
alternative energy form must be utilized.  Also, it is becoming evident that fossil fuels 
may be upsetting the global climate, with the release of carbon dioxide and other 
greenhouse gasses that come from their combustion and use.
1
 Hydrogen has been 
proposed as one of these alternative fuel sources.  Hydrogen gas does not occur on earth 
in any reasonable quantity; it must be produced from compounds that contain it.
2
  There 
2 
are a number of different methods to produce hydrogen, some from fossil fuels and some 
not.  If hydrogen is used as a major fuel source, there will be need for portable, on-
demand production capabilities just as there are portable electricity generators today.  
While in the future society may not be able to depend on fossil fuels, in the transition 
period there will be a need for both traditional and alternative energies.  Alternative fuels 
produced from traditional fuel sources may be an important intermediate step in the 
transition to a new fuel source.  
Also, portable, on-demand reformation of hydrogen from military logistics jet fuel 
(JP-8), coupled with a fuel cell, would enable armed forces personnel to produce 
electricity in the field with very little noise or heat signature.  Rather than making 
electricity from internal combustion generators, the armed forces are considering a fuel 
cell because of the noise reduction.  The reason for using JP-8 as the hydrogen source are 
logistical; the armed forces want to have one fuel that all equipment and vehicles can run 
on to reduce complexity when supplying field units.  While the hydrogen economy may 
be years away, a portable hydrogen reformer would be immediately applicable for the 
armed forces.   
 
1.3. THE USE OF SUPERCRITICAL WATER PARTIAL OXIDATION 
 There are many difficulties in the reformation of jet fuel, due to its hydrocarbon 
makeup and the high concentration of sulfur.  Jet fuel is similar in average chain length to 
diesel fuel or kerosene, and contains branched and cyclic compounds.  These longer 
chain hydrocarbons are more difficult to reform than smaller ones because of the higher 
energies needed to break more carbon bonds, along with the tendency of branched and 
3 
aromatic compounds to produce coke fouling at high temperatures.  Sulfur is a traditional 
poison for catalysts, which are used in most reformation processes.   
 These difficulties are overcome using supercritical water partial oxidation for the 
reformation of jet fuel.  In this process, supercritical water functions as a highly energized 
reforming agent and also as a homogenizing reaction medium.  Supercritical water is a 
non-polar solvent, allowing hydrocarbons to be miscible in all proportions.
 3  
 Oxygen is 
soluble in any proportion in supercritical water, while the addition of oxygen in the form 
of air provides in-situ heat generation and leads to autothermal reformation, while 
increasing carbon conversion and lessening coke formation.
4
  The absence of a catalyst 


















 It is estimated that hydrogen makes up about three quarters of the observed mass 
of the universe, and is the tenth most common element on earth, where it is found mostly 
as water.  Because hydrogen gas is so buoyant it readily escapes from the atmosphere, 
meaning less than 1 part per million by volume of the atmosphere is free hydrogen gas.
5, 6
  
In 2003, world production of hydrogen gas was 42 million tons, and almost all of that 
was used in industrial chemical processes.  Sixty percent was used to produce ammonia 
by the Haber-Bosch process, which is in turn used mostly to make fertilizer.  Twenty 
three percent was used by oil refineries to upgrade and remove sulfur from fuel, and the 
rest was used in other chemical and metallurgical processes, as well as in the space 
program as a fuel.  The space program is by far the largest user of hydrogen for fuel, due 
to its high energy to weight ratio.
7, 8
  
 2.1.1. Hydrogen Production.  The Department of Energy’s Office of Energy 
Efficiency and Renewable Energy explains hydrogen this way. 
 “Hydrogen is an energy carrier, not an energy source. Hydrogen can store and 
deliver usable energy, but it doesn't typically exist by itself in nature; it must be 
produced from compounds that contain it.”
2 
There are a number of different methods used and under development to produce 
hydrogen such as electrolysis and the reformation of natural gas, oil, coal, and biomass.   
In 2003, 42 million tons, or 500 billion standard cubic meters of hydrogen were 
produced.
7














  Electrolysis uses electricity to break water into its constituents, hydrogen and 
oxygen.  The cathode and anode, usually made from inert metal, are placed in the water 
and hydrogen is produced on the cathode and oxygen at the anode.  Electrolysis is usually 
sped up by the addition of an electrolyte, such as potassium hydroxide, to the water.
9
  The 
energy required to produce hydrogen by electrolysis (assuming 1.23 V and atmospheric 
pressure) is between 33 and 47 kW•h/kg H2. There are systems that first pressurize the 
water to about 7000 psi, then use electrolysis to produce hydrogen.  This process requires 
more energy (60 kW•h/kg H2), but the hydrogen is already at an elevated pressure for 
storage and transport.
7
  Electrolysis is simple and well tested, but since electricity must 







production of hydrogen by electrolysis no greenhouses gasses are emitted, but depending 
on where the electricity comes from this may not always be the case.
2
 
 Over 95% of the hydrogen produced in the U.S. today comes from the steam 
reforming of natural gas.  Steam reforming involves high temperature steam at a pressure 
of 50 to 350 psi reacting with the natural gas to form hydrogen and carbon monoxide.  
The carbon monoxide is further reacted with water in a reaction called the water gas shift 
reaction to produce more hydrogen and carbon dioxide.  The reactions are given below.
10
    
 
Reforming reaction:  CH4 + H2O → CO + 3H2 ∆H°298 = 206 kJ/mol       (1) 
Water gas shift reaction: CO + H2O 
←
→  CO2 + H2 ∆H°298 = -41.2 kJ/mol     (2) 
 
When used in industry, both the reforming reaction and the water gas shift 
reaction are catalytic reactions; the reforming reaction is usually carried out at 
temperatures of 700 to 1100°C with a nickel catalyst on an alumina support.
11
  The water 
gas shift reaction proceeds at much lower temperatures than the reforming reaction, 150 
to 600°C, and is typically carried out over a catalyst of copper and zinc oxide on an 
alumina support.
12,13
  The natural gas must be cleaned of sulfur and chlorine before being 
reformed, because these species poison the catalysts.
10
  There are other processes similar 
to steam reforming that use some oxygen to partially combust the methane, leading to 
better heat transfer and higher efficiency.
14, 15
  The technology behind steam reforming is 
well known, efficient and practiced today, but the ease of the process lies in the 
cleanliness of the feed stock; higher sulfur compounds and larger hydrocarbons become 
harder and more expensive to reform. 
7 
There are also technologies, similar to the steam reformation of methane, to 
reform liquid hydrocarbons like petroleum products, alcohols, and bio-oils.  The 
technology to completely reform the smaller hydrocarbons like methanol and ethanol is 
more advanced than the complete reformation of larger hydrocarbons.
16, 17
 As Figure 2-1 
shows, 30% of the hydrogen produced worldwide comes from oil.  Since the United 
States makes 95% of its hydrogen from natural gas, hydrogen is mostly produced this 
way in other countries.  In oil refineries, there are catalytic reforming units that convert 
low-octane naphtha into higher octane products, and a byproduct of this process is 
hydrogen. The reaction ranges from 490°C to 530°C in temperature and 70 to 650    
psi.
18, 19
  This hydrogen is usually used within the refinery for fuel upgrading and 
hydrodesulfurization.   
Another method of producing hydrogen is the gasification of coal or biomass.
2
 
This process has been in use for over one hundred years; before natural gas was piped 
across the country city lights burned gas that was made from gasified coal called town 
gas.
20
  The process is similar to the partial oxidation of natural gas because the coal or 
biomass is heated under pressure and reacted with steam and oxygen to form hydrogen 
and carbon monoxide.  There are a variety of processes to gasify coal, catalytic and non-
catalytic, with temperatures varying from 620°C to 1500°C and pressures from 
atmospheric to 1250 psi.  SASOL, a South African chemical company, is a leader in 
producing synthesis gas from coal.
20
  Reforming coal is difficult because of the large 
amount of impurities like ash and sulfur, and because coal is a solid, which makes it more 
difficult to use in a reactor.  This procedure may be able to produce hydrogen cheaply 
8 




Another option, and the topic and core of this thesis, is the generation of hydrogen 
from hydrocarbons using supercritical water partial oxidation.  Supercritical water has 
benefits over the other processes such as operating on a smaller scale, higher diffusivity, 
organic solubility, and the ability to operate with many different fuels catalyst-free.  It 
does not require the large infrastructure and investments that coal gasification does, and 
may prove to be more efficient than conventional steam reforming or partial oxidation.  
Supercritical water reformation would have the same on-site generation capability as 
electrolysis while perhaps using less energy.   
2.1.2. Hydrogen as a Fuel.  In order to use hydrogen, there have to be ways to 
generate, transport and store it, and devices or engines that turn the hydrogen into power 
or a desired form of energy.
21 
  While the generation of hydrogen was discussed in the 
previous section, transportation and storage are both challenges, because of the high 
pressures and/or low temperatures needed to store enough hydrogen gas to practically 
use.  This is because of the low energy density of hydrogen by volume compared to 
hydrocarbon fuels.  Also, hydrogen gas has the propensity to leak from metal containers 
and causes weakness to metals.   Therefore, other methods including storage as metal 




As far as using hydrogen as a fuel, there are many different methods of converting 
it to usable energy.  The fuel cell, which uses hydrogen and oxygen from the air to make 
water, heat and electricity, is one way to convert hydrogen to energy.  Fuel cells are 
9 
generally more efficient than combustion engines or turbines, and have fewer moving 
parts and so have less likelihood of mechanical failure.
 23   
There are a number of different 
types of fuel cells, such as the Polymer Electrolyte Membrane (PEM) fuel cell, the Solid 
Oxide fuel cell (SOFC), the Alkaline fuel cell (AFC), and the Molten Carbonate fuel cell 





Table 2-1.  Properties of some common fuel cells.
23
 
Fuel cell type 
Operating 
Temperature System Output Efficiency 
Alkaline (AFC) 90 - 100°C 10 - 100 kW 60-70% electric 
Phosphoric Acid 
(PAFC) 150 - 200°C 
50 kW to 1 
MW 
80-85% overall with 
combined heat and power 
(CHP), 36-42% electric 
Polymer 
Electrolyte 
Membrane (PEM) 50 - 100°C 
 greater than  
250 kW 50-60% electric 
Molten Carbonate 
(MCFC) 600 - 700°C 
greater than 
 1 MW 
85% overall with CHP, 60% 
electric 
Solid Oxide    
(SOFC) 650 - 1000°C 5 kW to 3 MW 





Each fuel cell has characteristics that make it desirable in certain applications.   
The high temperature fuel cells like MCFC and SOFC can use small amounts of carbon 
monoxide as a fuel as well as hydrogen, and SOFC can also process small amounts of 
methane as fuel.
24 
  The higher operating temperature systems can use a combined heat 
10 
and power (CHP) system to increase efficiency by making use of the waste heat.  The 
largest hurdle that fuel cells must overcome is their sensitivities to impurities in the 
hydrogen gas stream, and the operating temperature and weight of the fuel cells.
23
 
 Hydrogen can also be used directly in specially made internal combustion 
engines.   Ever since the internal combustion engine was invented, people have tried 
using hydrogen as a fuel source.   Hydrogen has a number of properties that makes it 
suitable for combustion engines, such as its ability to be burned with a low amount of 
oxygen, leading to lower temperatures, less pollution, greater fuel economy and more 
complete combustion.  Also, hydrogen has a high diffusivity in air, leading to a uniform 
mixture of fuel and air and better combustion.  There are also drawbacks to using 
hydrogen in a combustion engine.  Hydrogen engines have to deal with pre-ignition 
problems due to hydrogen’s lower ignition energy and wider flammability limits.  There 
are also storage and delivery complications.  There are some hydrogen internal 
combustion vehicles on the road today, and more are planed for the future.  In general, 
the hydrogen internal combustion engine is seen as a bridge between the fossil fuel 




2.2. SUPERCRITICAL FLUIDS 
 A supercritical fluid is a unique state of mater that occurs for any fluid that is 
above its critical temperature and pressure.  In general, if the temperature of a liquid is 
raised at constant pressure it becomes a gas, or if the pressure on a gas is increased at 
constant temperature it becomes a liquid.  At a point called the critical point, if the 
temperature or pressure is raised the fluid it is no longer a gas or a liquid but is a totally 
11 
different state of mater called a supercritical fluid.  It can be thought of as a fluid that has 
both liquid and gas-like properties.  Theoretically, all compounds have a critical point, 
but some such as polymers degrade before reaching it.
25
  The most studied supercritical 
fluids are carbon dioxide and water, due to their abundance, low cost, benign nature and 
usefulness. 
 The critical point was first discovered in 1822 by Baron Charles Cagniard  
 de la Tour in an experiment that involved heated, pressurized rotating barrels that 
contained a small metal ball.  Below the critical point the ball made a distinct noise 
because of the vapor-liquid interface, but above the critical point the noise changed and 
de la Tour hypothesized that there were no longer two separate phases but one 
supercritical phase.
26
  Figure 2-2 below illustrates the supercritical region for water, the 
critical point for which is 647.3 K and 22.06 MPa.
25
  While supercritical fluids have been 
















































As stated above, supercritical fluids have characteristics of both liquids and 
gasses, which make them useful in industry and promising for future applications.  A 
supercritical fluid, as compared to a liquid, has a higher diffusivity, a lower viscosity and 
no surface tension at all.  The density is highly dependent on temperature and pressure 
near the critical point, thus allowing a wide variability in the density.
27
  These properties, 
especially the higher diffusivity, make supercritical fluids applicable and potent solvents.  
Supercritical fluids are also simple to regenerate because by cooling and depressurizing 
the fluid it loses its supercritical solvent capabilities and the solute precipitates out, 
leaving the solute and solvent separated.
27
  Some supercritical fluids, like water and 
carbon dioxide, are non-toxic and hence are widely used in the food and pharmaceutical 
industry.  They can be readily separated out of the product, but even if some remains it is 
completely benign.  Many other supercritical fluids such as carbon dioxide and nitrous 
oxide have low critical points that make it less energy intensive to employ them.   Table 
2-2 illustrates the critical points of some species commonly used in supercritical 
applications.
25 
 Supercritical fluids are currently used to decaffeinate coffee and tea, to 
extract the nicotine from tobacco, textile dying and dry cleaning, cleaning and etching 
silicon wafers, waste water decontamination, extraction from and impregnation of 
polymers, polymerization and graft copolymerization, and to make other natural food 
extracts, among other applications.
25, 28
  The benefits of supercritical extraction become 
apparent considering that before supercritical carbon dioxide was used to decaffeinate 
coffee and tea, octanol, benzene and methylene chloride were used as solvents.
29
  Carbon 
dioxide is both better for humans and the environment than any of these chemicals.   
13 
Supercritical fluids are also a good medium for conduction reactions such as 




Table 2-2.  Critical points of various chemical compounds.
25
 
Tc Pc Species 
 (K) (MPa) 
Methane 191.0 4.7 
Trifluoromethane 299.1 4.9 
Carbon dioxide 304.2 7.4 
Ethane 305.4 4.9 
Propane 369.8 4.3 
Ammonia 405.6 11.3 
n-Hexane 507.4 3.0 
Acetone 508.1 4.7 
Methanol 512.6 8.1 
Ethanol 516.2 6.4 
Benzene 562.2 4.9 
Toluene 591.7 4.1 




2.3. SUPERCRITICAL WATER 
Supercritical water includes the properties listed above and has some unique ones 
of its own.  The diffusivity, density, dielectric constant, organic and inorganic solubility, 
and viscosity all change for supercritical water.
25
  Figures 2-3, 2-4 and 2-5 illustrate how 
the density, gas solubility and inorganic solubility changes as a function of temperature at 
3400 psi.
31






















Figure 2-3.  Density change of water as a function of temperature 































Figure 2-4.  Oxygen solubility in water as a function of temperature  






























Figure 2-5.  Sodium chloride solubility in water as a function of temperature at a 
pressure of 3400 psi.
31 
15 
The dashed line at 375°C is the temperature at which pure water becomes 
supercritical.  The density changes sharply around the critical point, so that small 
variations in temperature or pressure can have large variations in the density.  As shown 
in Figure 2-4, gasses such as oxygen are 100% soluble in supercritical water, as are other 
permanent gasses such as carbon monoxide and methane.
32
  Hydrocarbon solubility 
follows a similar pattern, water having a sparing solubility toward hydrocarbons until 
supercritical, at which point hydrocarbons are totally soluble.
31
  Supercritical water is 
distinct from ambient water in that the hydrogen bonding of supercritical water is almost 
entirely disrupted, making it more like an organic solvent than ambient water.
33
   The 
disrupting of the hydrogen bonding gives supercritical water a low dielectric constant, 
meaning supercritical water is completely miscible with non-polar compounds like 
hydrocarbons and chlorofluorohydrocarbons, while being immiscible to salts.  
Figure 2-5 illustrates the miscibility of salts in supercritical water.  The reason 
that the solubility increases gradually after the critical point then suddenly decreases at 
about 450°C is because the salt changes the critical point of water, just as it changes the 
boiling and melting point of water.  The dashed line represents the pure water critical 
point, but the steep decline in solubility at about 450°C is the actual critical point for this 
mixture.
31
  These properties of supercritical water are the complete opposite to some of 
the properties of ambient water, which is largely immiscible to oils, dissolves salts and 
can only dissolve a small amount of permanent gasses.  These properties make 
supercritical water a promising medium for the partial oxidation of hydrocarbons, 
because both hydrocarbons and oxygen are soluble in supercritical water. 
16 
Supercritical water and supercritical water oxidation has been investigated for 
years as a medium for waste disposal, depolymerization, and the reformation of various 
hydrocarbons and biomass.
25, 34, 35, 36
   The first industrial use of supercritical water was in 
a deep-shaft waste water reactor developed by Vertox in 1975, which used a deep shaft 
drilled into the earth to develop high pressure.  A waste water stream and air were 
pumped down the shaft, which became supercritical due to the energy liberated in situ by 
oxidation and the high pressures due to the weight of the water above.  The waste in the 
water was oxidized to water and carbon dioxide.
25
   The first aboveground supercritical 
water reactor was developed by Modell and coworkers at the Massachusetts Institute of 
Technology in 1979 to investigate the reformation of glucose.
25, 37
  Since then, numerous 
















The supercritical water reformation and partial oxidation system consists of a 
liquid feed system, integrated heat exchanger, preheat, air feed system, reactor assembly, 
reactor heaters, sample collection system, and data acquisition and control system.  The 
frame is made of Unistrut and ¼” steel plate, is four feet in width, four feet in length and 
eight feet long and mounted on wheels for ease of transport.  Most of the interior is empty 
space to facilitate maintenance.  A schematic process flow diagram is shown in Figure 3-
1.  Along with the supercritical water system itself there are a few important pieces of 
analytical equipment that are necessary for operation and analysis. 
 
3.2. THE SUPERCRITICAL WATER PARTIAL OXIDATION SYSTEM 
The liquid feed system begins with the de-ionized water and jet fuel containers on 
scales so that the mass rate of change can be quantified, with Eldex high pressure 
micrometering pumps (models BBB and AA) used to feed the liquids and bring them to 
pressure.   An integrated heat exchanger allows the incoming water to be heated by the 
reactor effluent, thus increasing efficiency.  After the integrated heat exchanger, the fuel 
is mixed with the water and preheated with Omega heat tapes before entering the reactor 
at the inlet cross, where the air feed also enters the reactor.  The air feed system consists 
of an Airgas Breathing Quality Grade D compressed air tank connected to a pneumatic 
high pressure Haskel gas booster, which increases the air pressure to 5000 psi in a 
subsequent air storage bomb.  The storage bomb acts as a reserve and also to dampen any 
18 
pressure pulses from the gas booster. A pneumatically operated Badger control valve and 
a Brooks mass flow meter, with the Labview software on the systems computer, provide 


































Figure 3-1. A schematic of supercritical water reformation and partial oxidation system 
at Missouri University of Science and Technology. 
The reactor assembly consists of an inlet cross, an inlet reactor head, the reactor 
body, an outlet reactor head and an outlet cross. Two screw caps screw into the reactor 
and hold each of the reactor heads to the reactor. There are also two thermowells, one 
each for the inlet and outlet which extend through the crosses and down the length of the 
reactor and provide internal temperature measurements of the reactor. Figure 3-2 
illustrates the reactor and heater assembly, as well as the locations of the reactor 
thermocouples (RTC), which are placed inside the thermowell to record the internal 
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Figure 3-2. A diagram of the supercritical water reactor and heater assembly. 
The reactor body, the inlet and outlet reactor heads, the screw caps, and the 
thermowells were manufactured by Parr Instrument Co. and the inlet and outlet crosses 
and thermowell adapters were manufactured by the High Pressure Equipment Co. The 
reactor body has a 3" O.D and a 1" I.D., and is 360 , long. When fully assembled, the 
entire reactor assembly is 61.3" long, and has an internal volume of about 380 mL. The 
crosses are connected to the head assemblies and tubing with coned and threaded fittings, 
and the head assemblies are connected to the reactor with Graphoil gaskets and the screw 
caps. 
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The material of construction is Inconel 625 Grade 1 for the inlet and outlet crosses 
and Inconel 625 Grade 2 for the screw caps.  The reactor body and reactor heads are 
made of Haynes Alloy 230.  Inconel 625 Grade 1 and 2 is an alloy of 58% Nickel, 20-
23% Chromium, a maximum of 5% Iron, 8-10% Molybdenum, 3.2-4.2% Niobium, with 
other species representing less that 1%. The difference between Grade 1 and 2 is that 
Grade 2 has been heat treated to improve strength and allow for higher operating 
temperatures and pressures.
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  Haynes alloy 230 is made of 57% Nickel, 22% Chromium, 
14% Tungsten, 2% Molybdenum, a maximum of  5% Cobalt, a maximum of 3% Iron, 
with other species representing less than 1%.
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  These materials allow for the reactor 
body and reactor heads to operate over a wide range of temperatures and pressures, up to 
800°C and 5250 psi.  The Inconel crosses can operate up to 650°C at 5000 psi.  
The heaters and insulation for the reactor were manufactured by Watlow Electric 
Manufacturing and come in three pieces, the inlet SWR preheat, the main reactor heater 
and the outlet insulation.  The inlet reactor head is heated by the SWR preheat, and the 
reactor body by a heater which has three different heating elements, or Zones, along the 
reactor length to provide a uniform temperature profile in the reactor body.  The outlet 
reactor head and cross are only insulated, and there is a cooling coil on the outlet reactor 
head that provides cooling in case the temperature is above the limits of the outlet cross.   
The reactor effluent passes through the integrated heat exchanger where it is 
cooled, and is further cooled to ambient temperature in a water-fed heat exchanger.  The 
effluent is filtered using Swagelok 90 and 15 micron filters, and then depressurized using 
a pneumatically operated, computer controlled, Badger control valve.  The depressurized 
effluent is separated into liquid and gas in a Strahman Sight Gauge.  The liquid is either 
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drained into an effluent drum or sampled, while the gas proceeds to a gas sampling port 
and sampling valve.  From here gas samples can be analyzed in real time, or stored in a 
16-port Valco sampling valve for later analysis.  A Precision Scientific wet test meter 
measures the gas flow rate, after which it is safely vented outside the building.   
National Instruments Labview software acts as the data acquisition and control 
system, which collects the date, time, temperature, pressure, and inlet air flow data 
among others and controls the heaters, reactor pressure and air flow rate.  The 
temperature inside the reactor is controlled by monitoring the reactor thermocouples in 
the thermowells inside the reactor and proportionally controlling the reactor heaters to 
maintain the desired internal temperatures.  Thermocouples are also placed on the outside 
of the reactor to ensure the heater’s temperature range is within the safety limits of the 
reactor.  The pressure of the reactor is controlled by the Badger control valve via PID 
control in response to changes in the pressure and the air flow rate is controlled via PID 
control by a Badger control valve in response to the measured flow rate given by the 
Brooks flow meter.   
 
3.3. SAFETY 
 Because of the extreme conditions under which the reformer can operate, and the 
nature of its products, a number of safety features have been incorporated into the design 
of the supercritical water reformer.  First, the system is contained within a ventilated 
4’x4’x8’ box made of ¼” steel plate.  The system is prevented from going past its set and 
design temperature and pressure by algorithms in the Labview control software, which is 
backed up by independent and redundant solid state relays.  A rupture disk at the exit of 
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the reactor provides even more insurance against overpressure and temperature.  The 
rupture disk, if it were to fail, is connected to a vented expansion drum so that any gasses 
would be safely vented and all liquids collected and contained.  There are also manual 
depressurization valves on both the inlet and the outlet that the operators can employ.  In 
case of a combustible gas leak inside the reactor, there are combustion monitors linked to 
the control system that both warns the operator and shuts down the system.  There are 
also carbon monoxide monitors strategically placed outside the system. 
 
3.4. ANALYTICAL EQUIPMENT 
Analysis of the gaseous effluent was performed using a HP 5890 Series A gas 
chromatograph (GC) with a thermal conductivity detector (TCD).  The carrier gas for the 
gas chromatograph was Airgas Ultra-pure Carrier Grade Argon with a purity of 
99.9995%.   The TCD utilizes a 15’ by 1/8” stainless steel 60/80 Carboxen 1000 packed 
column, which is calibrated to detect hydrogen, nitrogen, carbon monoxide, methane, 
carbon dioxide, acetylene, ethylene and ethane. The GC is connected to a computer that 
uses HP Chemstation
 
software to control the GC.  This software allows different run 
conditions to be saved and reused, and are called methods.  There are three methods used 
with the GC, viz., Air02, Air03 and Loop05, which are adopted depending on the species 
to be detected and whether a sample loop or syringe sample is being analyzed.   The GC 
was calibrated with gas standards and pure gasses, from which the composition of the 
effluent gas was determined.  Appendix A lists the GC conditions and detectable species 
for each method, along with the residence time and calibration plot for each species.  
After every syringe injection or sample loop analysis, a report is generated by HP 
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Chemstation that gives the residence time and area of each peak, from which the species 
and number of moles can be determined.  An example of the report generated by HP 






































 This chapter provides details as to the real time operation of the supercritical 
water reformer, the materials used, the chemical reactions that may occur during 
supercritical water reformation and the experimental matrix.  The start up, operation and 
shut-down of the reactor is elaborated to provide the reader an in-depth perspective on 
how and wherefrom the data was collected.  The materials used are important as a 
starting point for understanding the final products.  The major chemical reactions are 
outlined so that the products in the effluent gas can be linked to these specific reactions 
and explain some of the routes and origins leading to non-gaseous products.   The 
reasoning behind the choice of experiments, with the goal of understanding the effects of 
space time and air flow on the reactions, will be explained and justified. 
 
4.2. OPERATION 
 The operation of the supercritical water reformer begins with starting Labview, 
the computer data acquisition and control program.  The reactor heaters are energized and 
their temperature set points are entered.  While the reactor is warming up, the water and 
fuel pumps are connected and primed.  The water pump and preheater heat tapes are 
turned on at the same time, and the pressure set point is entered through Labview.  Fuel is 
fed once the system reaches the desired temperature and pressure.  If the experiment 
requires air flow, then the Haskel booster pump is activated and the desired air flow rate 
is set into Labview and air flow begins concurrently with fuel flow.  The liquid effluent is 
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observed through the Strahman Sight Gauge and manually drained into a collection 
container periodically, to prevent the sight gauge from overfilling.  Samples of the liquid 
effluent can be taken by diverting the liquid from the collection container to a sample 
container using a three-way valve.  Liquid samples are taken at least twice during each 
experiment.  During the experiment, the water and fuel flow rates are monitored 
periodically by recording the change in mass of the respective liquid containers. 
The gaseous effluent is routed through a wet test meter and the flow rate is 
periodically measured and recorded.  Gas samples are taken with a syringe and injected 
into the GC for analysis.  Also, gas samples are taken with a 16-port Valco gas sample 
loop, which allows the samples to be stored and analyzed later by the GC.  An 
experiment is concluded when three consecutive syringe gas samples give similar molar 
compositions and the gas effluent flow rate is constant.  Only the data collected while the 
gaseous effluent composition and flow rate are constant is included for that experiment, 
and any data previous to this is not.  This is to make sure that the experiments were 
conducted at steady state.  After the composition and flow rate become constant and the 
experiment is concluded, another experiment could be conducted by varying the 
temperature, pressure, flow rate, or all three together.  In this manner, many experiments 
can be performed in a day.   
When the experiments are concluded and the system to be turned off, first the fuel 
and air flow is stopped and the heaters turned off.  The water flow continues so as to 
remove any fuel and combustible gasses from the reactor.  After about fifteen minutes of  
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water cleaning, the water pump is turned off and the system is depressurized by opening 
the emergency depressurization valves and draining the contents of the reactor to the 
ventilated expansion drum.   
 
4.3. REACTANTS 
Three reactants are used in the supercritical water reformer for these experiments: 
water, jet fuel and air.  The water used was deionized water from a Culligan exchange 
tank de-ionizer.  The air feed system uses Airgas Breathing Quality Grade D compressed 
air from a pressurized tank. Two different jet fuel types were used in the experiments, 
civilian jet fuel, Jet-A, and military jet fuel, JP-8, both of which are an assortment of 
hydrocarbons including straight chain, branched and cyclic.  An ASTM D2887 boiling 
range distribution analysis determined that the length of the carbon bonds varied from 
five to twenty carbons, with the average carbon number being twelve for both fuels.
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Therefore, the aviation fuel was modeled as a single representative molecular species, n-
dodecane, which has the chemical formula C12H26.  Figure 4-1 below illustrates the 
distribution of carbon atoms in each fuel’s hydrocarbons.  Both jet fuels were sent to 
Texas Oil Tech Laboratories, which tested them for sulfur content and found that the 
civilian jet fuel (Jet-A) contained 0.099 weight percent sulfur, or 990 parts per million.  
The military jet fuel (JP-8) contained 0.081 weight percent sulfur, or 810 parts per 
million.  Because these fuels are similar in bond length, boiling point distribution and 
sulfur content, they are considered identical for these experiments and the process study.  
The reason two different types of jet fuel were used was due to problems acquiring 





















Figure 4-1.  Probability density function of the carbon number rounded to the nearest 
whole number as a function of the normal weight for both civilian jet fuel, Jet-A, and 




4.4. PROCESS CHEMICAL REACTIONS   
 A variety of reactions are possible in supercritical water reformation, the most 
important of which are illustrated below.  The overall reformation reaction of jet fuel may 
be written as: 
 
 C12H26 + 12 H2O → 12 CO + 25 H2  ∆H°298 = 1866 kJ/mol  (3) 
 
where jet fuel is represented by n-dodecane for stoichiometric simplicity based on its 
most prevalent molecular formula, as explained previously.  The endothermic 
reformation reaction is the desired reaction because, due to the participation of water, 
about twice as much hydrogen is liberated through reformation than was contained in the 
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original hydrocarbon.  Reformation also produces carbon monoxide, the importance of 
which will be discussed later.  The above reaction is in competition and occurs in parallel 
with the pyrolysis reaction: 
 
 C12H26 → CaHb + CxHy + p H2            (12 = a + x and 26 = b + y + 2p) (4) 
 
 The pyrolysis reaction is endothermic, but much less so than the reformation 
reaction, requiring about 70 kJ/mol depending on the size of the fragments. The pyrolysis 
reaction is thought to be primarily responsible for any gaseous hydrocarbons contained in 
the effluent gas, such as methane or ethane.  Repeated pyrolysis leaves hydrogen 
deficient fractions, which eventually become solid coke or function as coke precursors.
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In the presence of oxygen, another set of reactions occur.  The first reaction, 
Equation (5), is the partial oxidation of hydrocarbons, while the second, Equation (6), is 
the complete oxidation reaction: 
 
 C12H26 + 6 O2 → 12 CO + 13 H2  ∆H°298 = -1036 kJ/mol (5) 
 C12H26 + 18½ O2 → 12 CO2 + 13 H2O ∆H°298 = -7575 kJ/mol (6) 
 
 Partial oxidation is the preferred reaction because both hydrogen and carbon 
monoxide are the products, while total oxidation produces water and carbon dioxide, 
which are unwanted and wasteful.  The partial oxidation reaction produces less hydrogen 
per mole of fuel in comparison to the reformation reaction, but is an exothermic reaction.  
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Both exothermic reactions would provide in-situ thermal energy for the reformation 
reaction, thereby decreasing the amount of external energy to be supplied.   
 In addition to these reactions, the water gas shift reaction can also occur. The 
water gas shift (WGS) reaction is a reversible reaction between carbon monoxide and 
water to produce carbon dioxide and hydrogen.  The forward reaction, as described 
below, is exothermic, while the reverse reaction would be endothermic.  This would be a 
highly desirable reaction, if properly managed, since additional hydrogen is produced.  




 CO + H2O 
←
→  CO2 + H2   ∆H°298 = -41 kJ/mol  (2) 
 
The water gas shift reaction is an important industrial reaction of practical significance, 








or a Cu-ZnO catalyst, depending on the 
temperature.
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  If the water gas shift reaction proceeds as a companion reaction during 
supercritical water reformation, it would be doing so without any catalyst. 
 All these reactions do not occur alone or independently as isolated events, nor are 
they mutually exclusive.  It could be that pyrolysis or oxidation breaks down the original 
jet fuel hydrocarbons, then reformation occurs on the resulting pieces.  Various other 
reactions, like methanation or the Boudouard reaction, could also be possible, even 
though the thermodynamic equilibrium for the forward reaction of the former is not 
favorable for the process conditions of the current study.  The discussion was limited to 
the aforementioned reactions for simplicity and because they effectively and accurately 
describe all of the products observed.   
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4.5. DESIGN OF EXPERIMENT 
The space time of the fluid in the reactor and the flow rate of air into the reactor 
were varied to investigate how they affect the effluent gas composition and fuel 
conversion.  The space time was varied by changing the inlet water and fuel flow rate and 
calculated as a function of inlet fluid density using the Peng-Robinson equation of state 
with the van der Waals mixing rule.  The Peng-Robinson equation of state, along with the 
van der Waals mixing rule and a walk through of the space time calculation, is given in 
Appendix C.  The temperature was held at 770°C, while a constant pressure of 24.1 MPa 
and a fifteen-to-one water-to-fuel mass ratio was maintained.  
While the water and fuel flow rates are varied between experiments in order to 
provide different residence times, the ratio of water-to-fuel by mass was always kept at 
fifteen-to-one.  This corresponds to about a twelve-to-one water-to-carbon (H2O/C) molar 
ratio, or an aqueous aviation fuel concentration of 6.25 wt%.  Stoichiometrically, there 
was twelve times the amount of water needed than the theoretical amount required in 
Equation (3).  Air flow into the reactor was set so that the same oxygen-to-carbon (O2/C) 
ratio would be maintained despite the changing fuel flow rates.  The oxygen-to-carbon 
ratio is a measure of how much oxygen was fed per minute divided by how much carbon 
was fed per minute.  Table 4-1 outlines the water, fuel, and air flow rates, with the 
corresponding oxygen-to-carbon ratio and space time, for a given experimental run.  The 
experiments were conducted in the randomized order given by the experiment ID, from 




Table 4-1.  Experimental run matrix of jet fuel and air in supercritical water. 
Temperature was constant at 770°C and pressure at 24.1 MPa. The space time and the 



















3 7.5 0.5 0.0 0.00 160 
4 7.5 0.5 0.2 0.07 156 
7 7.5 0.5 0.5 0.13 151 
6 7.5 0.5 1.5 0.40 135 
11 15.0 1.0 0.0 0.00 80 
10 15.0 1.0 0.5 0.07 78 
9 15.0 1.0 1.0 0.13 75 
8 15.0 1.0 3.0 0.40 67 
1 30.0 2.0 0.0 0.00 40 
12 30.0 2.0 1.0 0.07 39 
2 30.0 2.0 2.0 0.13 38 




Experiments 3, 11 and 1 are carried out without air flow and allow analysis of the 
effects of space time on the reformation reaction without oxygen.  In general, the 
experiments conducted at similar space times with increasing air flow will be grouped 
together by the average space time for each group.  For example, experiments 3, 4, 7 and 
6 will be identified as the 150 second space time experiments; experiments 11, 10, 9 and 
8 will be the 75 second space time group, 1, 12, 2 and 5 will be the 37 second group.  The 
reason the space time decreases within a group was because the water and fuel flow rate 
was kept constant while increasing the air flow, which decreases the space time.  Each 
group illustrates the effect of increasing the oxygen-to-carbon ratio.  Each group was 
increased by the same ratio to make comparison between the groups easier. 
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 The oxygen-to-carbon ratio affects Equation (5), the partial oxidation reaction.  
With the jet fuel modeled as C12H26, the minimum ratio necessary to partially oxidize all 
the fuel, assuming the reaction continues to completion without any other competing 
reactions, is an oxygen-to-carbon ratio of 0.5.  An O2/C ratio of 0.4 would partially 
oxidize 80% of all incoming fuel given these same assumptions.  All the experiments 
were conducted below this theoretical minimum of 0.5 O2/C in order to limit the partial 
and total oxidation reactions.  As the oxygen-to-carbon ratio increases, the amount of 
energy liberated by the oxidation reactions increases and the proportion of fuel left to 
participate in the endothermic reformation reaction decreases.  This leads to the 
autothermal nature of the reactions, in that more energy is liberated through the oxidation 
reactions than is used in the reformation reaction.  The amount of oxygen that is needed 
so that the energy requirements of the reformation reaction equals the energy liberated by 
the partial oxidation reaction, again assuming that all oxygen is consumed in partial 
oxidation and all fuel not so consumed is reformed, is equal to a 0.32 oxygen-to-carbon 
ratio. Because the reformation reaction is more endothermic than pyrolysis, when it is 
assumed that all fuel not oxidized is being reformed it creates an upper bound for the 
amount of heat needed.   Because partial oxidation is less exothermic than total oxidation, 
assuming that the oxygen is consumed in partial oxidation makes a lower bound for the 
amount of heat generated.  Table 4-2 shows the heat of reaction given the above 
assumptions.  Experiments 5, 6 and 8 all have oxygen-to-carbon ratios higher than 0.32, 
meaning more energy is produced by oxidation than used by reformation in these 
reactions.  Energy is still necessary to bring the reactants up to the reaction temperature, 
so external heat sources are still needed.   
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Table 4-2.  Heat of reaction assuming all oxygen consumed in partial oxidation and the 






Heat of reaction 
(kJ/min) 
3 0.00 5.5 
4 0.07 4.3 
7 0.13 3.2 
6 0.40 -1.3 
11 0.00 11.0 
10 0.07 8.7 
9 0.13 6.4 
8 0.40 -2.7 
1 0.00 21.9 
12 0.07 17.4 
2 0.13 12.8 




 While partial oxidation produces heat, it also produces less hydrogen, the 
production of which is one of the goals of these experiments.  Table 4-3 below illustrates 
how much hydrogen production would be affected by the increasing oxygen flow rate.  
Units of grams of hydrogen produced per gram of fuel fed will be used so that the 
separate space times can all be compared at once, since they have the same theoretical 
production on that basis and the same oxygen-to-carbon ratios.   
 





Grams of H2 produced per 






As illustrated in the above table, the addition of oxygen does reduce the amount 
of hydrogen produced, there being about 38% less hydrogen when the oxygen-to-carbon 
ratio is at 0.40 than when no oxygen is present.  This decrease in hydrogen production is 
the price paid for the in-situ heat generated by the addition of air. These numbers 
represent theoretical maximums, if all the previous assumptions are met, and will be used 































5. RESULTS AND DISCUSSION  
 
5.1. EXPERIMENTAL CONDITIONS 
 The twelve experiments proposed in the experimental section were conducted and 
Table 5-1 illustrates the actual temperatures, pressures, flow rates, space times and fuel 
types for each experiment.  While great care was taken to ensure experiments were 
performed according to the run matrix outlined in the Experimental section, there was a 
slight variation between the proposed experiments and the actual experimental conditions 
due to both human error and the tolerances of the control parameters.   
 






















3 Jet-A 7.6 0.53 0.00 765 24.1 159 
4 Jet-A 7.6 0.53 0.25 765 24.0 153 
7 JP-8 7.3 0.48 0.50 763 24.1 156 
6 JP-8 7.5 0.48 1.50 763 24.0 136 
11 JP-8 15.1 0.93 0.00 770 24.0 79 
10 JP-8 15.1 0.95 0.50 772 24.0 77 
9 JP-8 15.1 0.95 1.00 772 24.1 74 
8 JP-8 14.3 1.00 3.01 765 24.1 70 
1 Jet-A 31.1 1.97 0.00 768 24.2 39 
12 JP-8 29.6 1.94 1.00 773 24.1 39 
2 Jet-A 31.5 2.00 1.99 772 24.2 36 




5.2. EFFECT OF SPACE TIME  
Three experiments, 1, 11, and 3, at three different space times of 39, 79 and 159 
seconds respectively, were conducted without air flow at an average temperature of 
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768±2°C and pressure of 24.1±0.1 MPa.  The net effect of the variation in space time on 
the gas composition and gasification percentage is illustrated in Figure 5-1.   The 
gasification percentage is a measure of how much of the liquid fuel was converted to the 
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Figure 5-1.  Total gas composition and gasification percentage as a function of space 
time.  Experimental conditions, T = 770±2°C, P = 24.1±0.1 MPa, aqueous aviation fuel 




Since jet fuel is made up of carbon and hydrogen, a gasification percentage for 
each species can be defined.  For carbon, it is the ratio of carbon in the gas phase divided 
by the amount that would have been present if all of the fuel was reformed according to 
Equation (3).  The carbon in the gas phase includes that present in methane, ethane, 
carbon monoxide and carbon dioxide. This is a measure of carbon gasification by any 
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reaction, pyrolysis, reformation, oxidation or any other, compared to the theoretical 
maximum.  The hydrogen gasification percentage for this figure, is again the ratio of 
hydrogen in the gas phase, which includes methane, ethane, and hydrogen gas, divided by 
the amount that would have been present if all of the fuel was reformed according to 
Equation (3) and if all the carbon monoxide produced by Equation (3) went through 
Equation (2), the water gas shift reaction, and produced hydrogen.    
When experiments are conducted with oxygen, the hydrogen gasification 
percentage will be based on all of the oxygen fed being consumed in partial oxidation, the 
remainder of the fuel being reformed and all carbon monoxide produced by these 
reactions undergoing water gas shift and producing hydrogen.  The reason to include the 
partial oxidation reaction in the definition is that partial oxidation produces less hydrogen 
than reformation.  This definition of hydrogen gasification is the maximum amount of 
hydrogen that could be produced from the five principal reactions thought to occur, 
assuming all oxygen fed is consumed in partial oxidation.  Because the GC used could 
not differentiate between oxygen and nitrogen, the assumption that all oxygen fed was 
completely consumed will be made throughout.   
 The carbon gasification percentage began at 50% for the shortest space time of 39 
seconds and increased to 71% for the intermediate space time of 79 seconds, which was a 
43% increase.  It then decreased slightly to 70% for the longest space time of 159 
seconds.  Even though the space time of the fluid in the reactor was doubled from 79 to 
159 seconds, the carbon gasification percentage did not change.  This indicates that the 
gasification of aviation fuel had reached some sort of limit around the space time of 79 
seconds, with longer space times still unable to convert more than 70% of the fuel into 
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gas.  The 30% carbon remaining would then be in either the liquid phase or have become 
solid due to the pyrolysis reaction.  Total organic carbon analysis of previous, similar 
experiments determined that less than 1% of the carbon that was fed into the system left 
via the liquid effluent, so if the carbon does not leave the reactor as gas it stays behind as 
solid.  On occasion this solid has been removed from the reactor, but since the reactor 
was not cleaned after every run it is impossible to know exactly how much solid each 
experiment created.  The solid recovered from these experiments has not been analyzed, 
but sixteen previous solid samples from run conditions similar to the current conditions 
have been.  The average carbon weight percentage over these sixteen samples was 
98.7±0.3%, with a corresponding 1.3±0.3% hydrogen percentage.  It is assumed that the 
solid removed after performing the more recent experiments is analogous to that of the 
previous experiments. Therefore, when there is carbon gasification of 70%, about 30% of 
the carbon is pyrolysized into solid and remains in the reactor.   
The hydrogen gasification percentage began at 30% and increased to 44% for the 
79 second space time experiment, a 45% increase.  It increased again to 47% for the 159 
second space time, which was only a 7% increase.  The hydrogen gasification increases 
slightly as the space time changes from 79 to 159 seconds, while carbon gasification does 
not.  This could be due to an increased water gas shift reaction and increased reformation 
of gaseous hydrocarbons such as methane and ethane.  The water gas shift reaction could 
be responsible for the decrease in carbon monoxide and increase in carbon dioxide and 
hydrogen gas concentrations, illustrated in Figure 5-1.  The water gas shift reaction 
would not affect carbon gasification because both products and reactant are gaseous 
carbon.   
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The amount of methane and ethane decreases with increasing space time, which is 
indicative of enhanced reformation of the gaseous hydrocarbons at the longer space time.  
No ethane was detected at the longest space time of 159 seconds.  The reformation of 
these two species produces more hydrogen in the product gas, but does not change the 
carbon gasification percentage since both the reactants and products have the same 
amount of carbon in the gas phase.  The decrease in the gaseous hydrocarbons without a 
corresponding increase in the carbon gasification means that the gaseous hydrocarbons 
are being reformed preferentially over the solid carbon that was in the system.  This 
finding emphasizes the importance of further reformation of the light hydrocarbon 
species, before they eventually function as coking precursors. 
The effect of space time at a particular oxygen-to-carbon ratio can also be 
analyzed.  Only the 0.4 O2/C ratio will be analyzed because similar trends exist when 
comparing the effect of space time on the other oxygen-to-carbon ratios.  Figure 5-2 
illustrates how space time affects the gasification percentages and the gas composition 
when the oxygen-to-carbon ratio was kept constant.  The three data points correspond to 
experiments 5, 8 and 6 from left to right.  The carbon and hydrogen gasification 
percentage increases with increasing space time, as does the effluent gas hydrogen and 
carbon dioxide composition.  The methane, ethane and carbon monoxide composition 
decreases.  When comparing Figure 5-2 to the effect of space time without oxygen, as 
shown in Figure 5-1, the carbon and hydrogen conversion continues to increase and no  
noticeable plateau or limit was reached.  There are also similarities, such as how the gas 
composition changes, with more hydrogen and carbon dioxide and less methane and 







































































Carbon gasif ication Hydrogen gasif ication
Hydrogen mol % Carbon monoxide mol %




Figure 5-2.  Nitrogen-free gas composition and gasification percentage as a function of 
space time.  Experimental conditions, T = 764±1°C, P = 24.1± 0.1 MPa, oxygen to 




 That carbon gasification continues to increase, while when no oxygen was present 
it remained relatively unchanged between 79 and 159 seconds at about 70%, could be due 
to the oxidation reaction gasifying more of the solid coke or fuel.  The hydrogen gas 
composition increases with increasing space time, indicating that the oxidation reactions 
do not consume more hydrogen given a longer residence time in the reactor, and that 
reformation or the water gas shift reaction may be improved with increased space time.   
 
5.3. EFFECT OF OXIDATION 
 Figure 5-3 depicts the gasification percentage and nitrogen-free product gas flow 
rate of each species as a function of oxygen-to-fuel ratio for the runs conducted at a space 
time of 151±10 seconds, as represented by experiments 3, 4, 7, and 6.  The carbon 
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gasification percentage increases linearly from 70% to 94%; a 34% increase from no 
oxygen present to a 0.4 oxygen-to-carbon ratio.  The addition of oxygen increased carbon 
gasification, either through oxidizing the solids formed through pyrolysis or oxidizing the 
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Figure 5-3.  Nitrogen-free product gas flow rate and gasification percentage as a function 
of oxygen-to-carbon molar feed ratio.  Experimental conditions, T = 764±2°C, P = 




The hydrogen gasification percentage also increases linearly with the increasing 
O2/C ratio, starting at 47% when no oxygen was present and increasing to 55% for the 
highest oxygen-to-carbon ratio, an 18% increase.  The hydrogen gasification percentage 
increases with the increasing O2/C ratio, even though the hydrogen gas flow rate was 
decreasing, because the gasification percentage is based on all the oxygen being 
consumed via partial oxidation, which stoichiometrically makes less hydrogen than 
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reformation.  The decrease in the hydrogen gas flow rate from 0.54 to 0.46 L/min, a 15% 
decrease, could be due to partial oxidation, or from some of the oxygen consuming the 
hydrogen gas and producing water.  The methane flow rate decreases from 0.39 to 0.28 
L/min, a 27% reduction, was most likely a result of the oxidation reactions consuming 
fuel that would have otherwise undergone pyrolysis and become methane and coke, or 
from oxidation of the pyrolysis products.   There was no ethane present in the gaseous 
effluent at this space time.  The oxidation reactions are responsible for the increase in the 
oxygenated carbon compounds, carbon dioxide and carbon monoxide.  The carbon 
monoxide flow rate increased 155% from no oxygen present to an oxygen-to- carbon 
ratio of 0.4, while the carbon dioxide flow rate increased by 84% over the same interval.   
 For a space time of 75±4 seconds, Figure 5-4 illustrates the effects of adding air to 
the system.  The hydrogen and carbon gasification percentages do not increase linearly as 
they did in the 151±10 second space time experiments, but instead stay relatively steady 
for the first three oxygen-to-carbon ratios, then increase.  The carbon gasification 
percentage starts at 71% when no oxygen was present, drops to 68%, then increases to 
71% before finally ending up at 87% for the highest oxygen-to-carbon ratio.  Hydrogen 
gasification has a similar trend, beginning at 44%, then mildly decreasing to 42% for the 
next two O2/C ratios before increasing to 49% for the highest oxygen-to-carbon ratio. 
This lag in gasification response to the increasing oxygen level could be from the oxygen 
oxidizing species already present in the gas phase, such as methane and hydrogen, and 
not the jet fuel and solid carbon, or because reformation of the solid carbon was less 
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Figure 5-4.   Nitrogen-free product gas flow rate and gaseous conversion as a function of 
oxygen-to-carbon molar feed ratio.  Experimental conditions, T = 770±3°C, P = 24.1±0.1 




 The gas flow rate has also changed compared with the previous experiment.  The 
H2 flow increases with increasing oxygen, 23% from when no oxygen was present to a 
0.4 O2/C ratio, while for the 151±10 second space time experiments it decreased.  This 
holds open the possibility that with even higher oxygen-to-carbon ratios there could be 
further increases in hydrogen, carbon dioxide and carbon monoxide flow rates and carbon 
conversion.  The methane and ethane flow rates decreased with the increasing oxygen-to-
carbon ratio, which could be due to the oxidation reaction consuming fuel that would 
have undergone pyrolysis and become gaseous hydrocarbons and coke, or oxidation 
creating smaller hydrocarbons that are more likely to be reformed than undergo pyrolysis.  
The creation and subsequent reformation of these smaller hydrocarbons could also 
explain the increasing hydrogen flow rate.  The carbon monoxide flow rate increased by 
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100%, while the carbon dioxide flow rate increased by 210%, which was likely due to the 
oxidation reactions.   
 Experiments varying the oxygen-to-carbon ratio were also performed at a space 
time of 37±2 seconds, the results of which are illustrated in Figure 5-5.  The hydrogen 
and carbon gasification percentages increase at the oxygen-to-carbon ratio of 0.07, then 
decrease.  Hydrogen gasification increases from 30% to 39%, a 29% increase, and then 
drops to 34%, a 13% decrease.  Carbon gasification was even more dramatic, going from 
50% to 68% at the O2/C ratio of 0.07, a 37% increase, then dropping 9% to a gasification 
percentage of 62%.  This kind of sudden increase then decrease in conversion was unseen 
in the previous two space times that were studied.  It was due to an increase in the 
methane and ethane flow rates, since the other flow rates are not changing as 
dramatically. Methane increased by 22% and ethane increased by 64% over the interval 
in question. Gaseous hydrocarbons are thought to be the by-products of pyrolysis, but 
elucidation of this specific condition as to why it would be more conducive to pyrolysis 
than the two surrounding data points would require more detailed analysis.   
Excluding the increase at the 0.07 O2/C ratio point, there are some similar trends 
compared to the previous two space times examined.  Hydrogen gasification increases 
from 30% to 43% over the entire interval, a 42% increase.  The carbon conversion also 
increases with the increasing O2/C ratio, from 50 to 86%, a 72% increase, which is 
consistent with the previous experiments and is indicative of an increase in the oxidation 
reaction. The hydrogen flow rate increases from 0.70 to 0.86 L/min, a 22% increase, 
which is comparable to the percentage increase for the 75 second space time experiments 
over the same interval.  The increasing carbon monoxide and carbon dioxide flow rates, 
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222% and 333%, respectively, again illustrate the increasing oxidation reaction as the 
O2/C ratio increases.  The methane flow rate stays nearly unchanged at about 1.1 L/min, 
while for the longer space time experiments the methane flow rate decreased due to the 
oxygenation and further reformation reactions competing with the pyrolysis reaction.  
This space time of 37 seconds could be too short to allow much reformation to occur, 
which would explain the steady flow rate of methane and ethane, while for the longer 
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Figure 5-5.   Nitrogen-free product gas flow rate and gaseous conversion as a function of 
oxygen- to-carbon molar feed ratio.  Experimental conditions, T = 770±4°C, P = 




 In general, the space time of 151±10 seconds had the highest hydrogen and 
carbon conversion, and the highest hydrogen gas flow rate per gram of fuel fed.  The 
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addition of air increased the carbon conversion, and the carbon monoxide and carbon 
dioxide concentration for all space times. Table 5-2 shows that the shorter space time 
experiments made less hydrogen per gram of fuel, but when the amount of carbon 
monoxide produced at the higher oxygen-to-carbon ratios is considered, the shorter space 
time experiments become more competitive.   
 











Liter of H2 gas 
produced per 
gram of fuel fed 
Liter of H2 and CO 
gas produced per 
gram of fuel fed 
3 0.00 159 1.00 1.06 
4 0.25 153 0.95 1.02 
7 0.50 156 0.95 1.08 
6 1.50 136 0.95 1.12 
11 0.00 79 0.61 0.74 
10 0.50 77 0.61 0.77 
9 1.00 74 0.59 0.78 
8 3.01 70 0.70 0.94 
1 0.00 39 0.36 0.47 
12 1.00 39 0.39 0.55 
2 1.99 36 0.40 0.59 




When considering carbon monoxide production, it must be remembered that the 
water gas shift reaction, Equation (2), can convert carbon monoxide to hydrogen, so 
carbon monoxide, while not as desirable as hydrogen, is almost as advantageous.  A 
separate water gas shift reactor would have to be used, but the technology behind the 
WGS reaction is well understood.
43
  Comparing experiments 5 and 6, the hydrogen gas 
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production was 53% less from experiment 6 to 5, but only 26% less when considering 
carbon monoxide production as well. The space time of experiments 6 was four times 










































6. SUMMARY AND CONCLUSIONS 
 
6.1. SUMMARY 
 Targeted experiments were performed to determine the effects that reaction time 
and oxygen co-feed have on the novel non-catalytic reformation of jet fuel in 
supercritical water.  The reformation of jet fuel was studied in a 0.4-L Haynes Alloy 230 
tubular flow reactor.  The goal was to produce hydrogen via reformation and partial 
oxidation, with partial oxidation also providing in-situ heat generation, non-catalytically 
due to the high sulfur content of aviation fuel.  Three predetermined space times were 
tested at 39, 79 and 159 seconds under similar supercritical water process conditions of 
about 770°C, 24.1 MPa, and with a fifteen-to-one water-to-fuel feed ratio by weight.  
Various oxygen flow rates were also employed to examine the effects of oxidation on the 
system.  The final, production-ready product would have hydrogen being ultra-purified 
and fed to a fuel cell to produce electric power; the system is envisioned as a mobile 
electricity generation unit to be used in the military as an alternative to generators, hence 
the use of military logistic jet fuel.  The advantages over generators would be quieter 
operation with a smaller heat signature, both important factors in military applications.   
 
6.2. CONCLUSIONS 
 A number of conclusions may be drawn from this experimental study.  Without 
oxygen, as the space time increases from 39 to 79 seconds, hydrogen gasification 
increases from 30% to 44%, a 45% increase.  Carbon gasification increases from 50% to 
71%, a 43% increase over the same period.  When the space time was doubled again, 
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from 79 to 159 seconds, the change was not as dramatic.  Carbon gasification decreases 
to 70%, while hydrogen increases by 7% to 47%.  It appears that some sort of limit has 
been reached where increasing space time no longer has such a pronounced effect upon 
gasification when no oxygen was present.  All the carbon that was not gasified remains as 
solid in the reactor, based on liquid analysis and mass balances.  While the carbon that 
becomes solid stays in the reactor, the gaseous hydrocarbons are reformed at the longer 
space times, indicated by the drop in methane and ethane concentration as space time 
increases, meaning these gaseous hydrocarbons are reformed preferentially over the solid 
hydrocarbon residues.  The water gas shift reaction may also be more active at the longer 
space times based on the drop in carbon monoxide and increase in carbon dioxide and 
hydrogen gas concentration.   
 When air was added to the system, in general carbon and hydrogen gasification 
increased with increasing air flow.  The increase in carbon gasification is at least partially 
attributable to the increased oxidation reaction, which would also explain the increase in 
carbon monoxide and dioxide flow rates as the oxygen-to-carbon ratio increased.  These 
trends are present in all three of the space times studied.  The increase in carbon 
gasification is important because if it is less than 100%, the remainder is left in the 
reactor as solid, which over time may prove problematic, such as clogging outlet lines or 
increasing wear on certain components.  At a space time of 136 seconds, and an oxygen-
to-carbon ratio of 0.4, carbon gasification was 94%, an increase of 38% compared to the 
nominally same experiment without oxygen.  The highest carbon and hydrogen 
gasification percentage, as well as the highest concentration of hydrogen gas, occurred 
during the longest space time experiments and decreased as space time decreased when 
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comparing the experiments with equivalent oxygen-to-carbon ratios.  Except for the 37-
seconds space time experiments, the methane and ethane flow rates decreased for 
increasing oxygen, which could be due to the oxidation reaction consuming fuel that 
would have undergone pyrolysis and become gaseous hydrocarbons and coke, or 
oxidation creates smaller hydrocarbons that are more likely to be reformed than undergo 
pyrolysis.   
When considering the amount of hydrogen produced per gram of fuel, the highest 
amount was produced at a space time of 159 seconds without any oxygen.  The addition 
of oxygen decreases the amount of hydrogen produced per gram of fuel for the 150 
second space time experiments, but increased it for the other two, shorter, space times.  
The addition of oxygen also increased the amount of carbon monoxide produced, which 
could easily be converted into hydrogen via the water gas shift reaction.  If the combined 
production of hydrogen and carbon monoxide per gram of fuel is considered, the addition 
of oxygen is even more beneficial.   
Comparing the effects of space time and oxygen-to-carbon ratio, space time 
effects the production of hydrogen more than the addition of air.  A longer space time 
will produce more hydrogen gas.  The addition of air effects the carbon gasification more 
than space time.  As space time increases, carbon gasification does not always increase, 
but the addition of increasing amounts of oxygen does increase the carbon gasification.  
If the goal is to produce more hydrogen, increase the space time;  if the goal is too 




6.3. RECOMMENDATIONS FOR FUTURE WORK 
 Because of the numerous variables inherent to this process, it was necessary in 
this study to vary only a few conditions and have the rest remain constant.  The oxygen-
to-carbon ratio and the space time were changed, but the pressure, temperature, fuel-to-
water ratio, and fuel type were kept constant.  In future work, the effects of these 
parameters warrant further study.  The air flow rate in future experiments could also be 
increased, to establish when 100% of the carbon is gasified and what effects even higher 
oxygen levels have on the products.  A more detailed analysis of the energy requirements 
could be undertaken.  Different fuel types could be used, or some of the product gasses 
like methane or carbon monoxide could be studied under supercritical water conditions.  
Most importantly, the mechanisms and rates for all the participating reactions need to be 

































 An HP 5890 Series A gas chromatograph (GC) equipped with a 15’ by 1/8” 
stainless steel 60/80 Carboxen 1000 packed column is connected to a thermal 
conductivity detector (TCD).  Two different methods are used when a sample is injected 
with a syringe, Air02 and Air03, while Loop05 is used with the Valco 16-port sampling 
loop. Each method, with its corresponding GC conditions, is described in Table A.1 
below.  The injection port on the GC is at a constant temperature of 120°C, and the TCD 
temperature is 220°C for each method. 
 
Table A.1  GC conditions and times for gas sample methods.  
GC Conditions Methods 
 Air02.M Air03.M Loop05.M 
Initial oven temperature (°C) 40.0 40.0 40.0 
Initial time (min) 8.0 8.0 10.0 
Level 1 Rate (°C/min) 20.0 20.0 8.0 
Level 1 temperature (°C) 140.0 140.0 140.0 
Level 1 time (min) 7.0 7.0 7.5 
Level 2 Rate (°C/min) N.A. 20.0 10.0 
Level 2 temperature (°C) N.A. 200.0 200.0 




Air02.M starts with an initial oven temperature of 40°C for 8 minutes, then ramps 
up to a temperature of 140°C at a rate of 20°C/min.  The oven stays at this temperature 
for seven minutes, at which time the analysis is over and the oven cools back down to 
40°C.  In this time, hydrogen, nitrogen, carbon monoxide, methane and carbon dioxide 
are eluded from the column.  As can be seen from Table A.1, Air03 is a continuation of 
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Air02.  While Air02 stops at level 1, Air03 continues; after seven minutes at 140°C, the 
oven increases in temperature at 20°C/min until it reaches a temperature of 200°C, where 
it remains for 10.5 minutes.  In this time, all of the previously mentioned species elude 
from the column, along with acetylene, ethylene and ethane.  Loop05 detects the same 
species as Air03, but has different run conditions because of how the Valco 16-port 
sample loop is connected to the GC.  The residence times at which all calibrated species 
elude are given in Table A.2.  
 
Table A.2.  Elution times for various species in the HP 5890 Series A gas chromatograph 
using method Air03.M.   
 
Species Elution time (min) Standard Deviation 
Hydrogen 2.3 0.1 
Nitrogen 6.0 0.8 
Carbon monoxide 7.0 0.4 
Methane 12.1 0.2 
Carbon dioxide 16.5 0.6 
Acetylene 22.5 0.5 
Ethylene 25.5 0.7 




The GC was calibrated for each of the species listed in Table A.2, and the results 
of that calibration are illustrated in the figures below.  The number of moles in the 
injection was varied by changing the injection size, from 0.01 to 5 mL.  The area is the 
area of the resulting peak, integrated by the HP Chemstation software. 
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Figure A.5  Carbon dioxide 


























Figure A.6  Acetylene gas 
calibration plot. 
 






















































































 Below is an example of the reports that HP Chemstation generates upon 
completion of an analysis.  This particular report is from November 30, 2006 and was the 
second gas sample syringe taken for Experiment #3.  It was analyzed with method Air02, 
and from the areas reported here, and the calibrations given above, the mole percentage 
of each of the gasses was calculated.  For the TCD, the gas species from left to right are: 
hydrogen at an elution time of 2.1 minutes, carbon monoxide at 7.0 minutes, methane at 
12.0 minutes, and carbon dioxide at 16.4 minutes.  The FID was not on, so no peaks were 







































SPACE TIME CALCULATION USING THE PENG-ROBINSON EQUATION OF 













The space time was based on the inlet reactant composition and calculated using 
the Peng-Robinson equation of state.  The pressure used was the pressure recorded by the 
inlet pressure transducer, and the temperature was the average temperature measured by 
reactor thermocouples (RTC) four through eight.  Because the inlet composition was a 
mixture of species, Van der Waals mixing rules were used to calculate the Peng-
Robinson parameters a and b.  The Peng-Robinson equation of state is 
 
( ) ( )
RT a
P
V b V V b b V b
= −
− + + −
 
 
P is the pressure, T is the temperature, V is the molar volume, and a and b are constants 
calculated using the Van der Waals mixing rules as follows  
 
0.5(1 )( )i j ij i j
i i








kij is an interaction parameter between the two species, and ai and aj designate a constants 
for the pure species, just as bi is the b constant for that pure species, with xi, xj, and yi 
representing the mole percent of that species i or j.   ai and bi for each pure species is 
calculated from  
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T is the critical temperature, 
ic
P  is the critical pressure, 
iR
T  is the reduced 
temperature and wi is the acentric factor for that particular species i.  With a and b 
calculated for the mixture, the Peng-Robinson equation of state can be used to find V, the 
molar volume for the mixture, since the temperature and pressure of the reactor are 
known.  The molar percents used to calculate ai and bi are the inlet molar percents, 
because the space time is calculated based on the inlet conditions.  The molar inlet flow 
rate is known, and by multiplying the inlet molar flow rate by the molar volume, the 
volumetric flow rate is calculated.  Dividing the volume of the reactor, 383 cm
3
, by the 
volumetric flow rate in cm
3
/min, gives the space time in minutes, from which it can be 
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